We have designed a mammography system that for the first time combines photon-counting spectral imaging with tomosynthesis. The present study is a comprehensive physical evaluation of the system; tomosynthesis, spectral imaging, and the combination of both are compared using an ideal-observer model that takes anatomical noise into account. Predictions of signal and noise transfer through the system are verified by contrast measurements on a tissue phantom and 3D measurements of MTF and NPS. Clinical images acquired with the system are discussed in view of the model predictions.
INTRODUCTION
The superposition of anatomical structures in 2-dimensional (2D) x-ray images often greatly impedes the imaging task. Two methods used to reduce the so-called anatomical noise are tomosynthesis [1] [2] [3] [4] [5] [6] [7] and spectral imaging.
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Spectral imaging takes advantage of the difference in the energy dependencies of the x-ray attenuation of different materials. The contrast between any two materials can be reduced by a weighted subtraction of two images acquired with different x-ray spectra. In mammography, the anatomical background consists of adipose and glandular tissue, and by reducing the contrast between these two materials, the anatomical noise is suppressed. The weight factor should be chosen to optimize the target-signal-to-noise ratio, which will depend on a combination of anatomical and quantum noise. 11 The minimum level of performance of spectral imaging corresponds to using the weight factors which gives the standard photon-counting image, which means that the energy information is not used.
In tomosynthesis, a 3-dimensional (3D) image of the object is reconstructed from a set of projections that are limited in angular range and number of projections. Tomosynthesis hence spans the continuum from projection imaging (0 • angular range) to cone beam computed tomography (180 • angular range). [2] [3] [4] By increasing the angular range in tomosynthesis, the anatomical background is better suppressed, but as for spectral imaging, this reduction comes at the cost of increased quantum noise, and the angular range has to be optimized with respect to imaging task.
The combination of spectral imaging and tomosynthesis has been presented in the past, 12, 13 but the benefit of such an approach remains somewhat unclear. This study is a first step toward a quantitative analysis of the combination. In particular, both modalities aim at reducing anatomical noise at similar trade-offs with quantum noise, and the question arises whether both are needed.
We have previously reported on the development of a system for photon-counting spectral breast tomosynthesis within the EU-funded HighReX project. 13, 14 In the present study, a computer model was developed for characterizing the 3D modulation transfer function (MTF) and noise power spectrum (NPS) of the approximately linear system. A task-dependent detectability index incorporating anatomical noise was used as a figure of merit to compare non-energy-resolved absorption imaging with spectral imaging. 
MATERIALS AND METHODS

Description of the System
The spectral tomosynthesis system is a modification of the Sectra MicroDose Mammography 2D imaging system. A photograph and schematics are shown in Fig. 1 . The system incorporates a tungsten anode x-ray tube with a 0.5 mm aluminum filter. The beam is divided into 21 line beams by a pre-collimator. The slits in the precollimator are aligned with those in a post-collimator, providing a geometry with intrinsic scatter rejection. The detector consists of silicon-strip detector lines aligned to the collimators. The x-ray tube, collimators and detector are attached to a common arm. In the 2D system, the arm is rotated around the x-ray source, as shown to the left in Fig. 1 , while in the tomosynthesis system, the center of rotation is located below the detector. By a scanning motion across the breast, 21 projections are acquired simultaneously. The angular coverage of the system is 11
A bias voltage is applied over each strip detector (Fig. 1) . When a photon interacts with the detector material by the photoelectric effect, charge is released and drifts as electron-hole pairs towards the anode and cathode respectively. Each strip is wire bonded to a preamplifier and shaper, which collect the charge from each photon and convert it to a pulse. The pulse height is proportional to the charge and thus to the energy of the impinging photon. A discriminator sorts the pulses according to pulse height. Pulses below a certain threshold are regarded as noise and are rejected, which means that no electronic noise is present and the detector is quantum-limited. All remaining pulses are sorted into two bins according to energy.
The tomosynthesis reconstruction is based on the convex algorithm introduced by Lange, 15 which is an iterative method, similar to expectation maximization. Iterative methods have proven efficient for limited data reconstructions, and the intense calculations are no longer considered a problem.
System modeling
Linear-systems theory has been successfully used in the past to characterize tomosynthesis systems [2] [3] [4] [5] [6] and spectral imaging systems. 10, 11, 16 We have developed a model of the system that combines signal and noise transfer in tomosynthesis and spectral imaging. The model is summarized below, but the reader is referred to Refs. 4 and 6 for a more comprehensive description on signal and noise in tomosynthesis, and to Refs. 11, 16 and 17 for information on the spectral imaging part of the model.
Signal and noise transfer in spectral imaging
Two spectral optimization schemes that appear in the literature are energy weighting and energy subtraction. Somewhat simplified, energy weighting ignores anatomical noise and maximizes the ratio of the contrast and quantum noise, whereas energy subtraction instead minimizes anatomical background. Energy subtraction is performed in the log domain to take the exponential x-ray attenuation into account. For small signal differences, however, the two schemes can be regarded as special cases of an approximately linear combination of the energy bins, i.e.
I (x, y) = w ln n lo (x, y) + ln n hi (x, y) ∼ I (x, y) = w n lo (x, y) + n hi (x, y).
w and w are weight factors, which are negative for energy subtraction and positive for energy weighting. n lo and n hi are the images registered in the low-and high-energy bins respectively. By choosing w = 1, a conventional non-energy-resolved absorption imaging is acquired.
If we assume no correlation between the energy bins, the quantum noise in the combined image is
where Ω ∈ {lo, hi} denotes the detector energy bin and f is the frequency. Quantum noise with a fraction χ double-counted events follows
where p is the pixel size and f x is the spatial frequency in the detector direction. 17 In the scan direction (spatial frequency f y ), S Q (f y ) was assumed flat because readouts are uncorrelated.
The anatomical noise in an x-ray image of breast tissue is caused by the variation in glandularity, i.e. a glandularity NPS (S Ag (f r )), which is transferred to the image anatomical NPS (S A (f r )) according to
where f r is the radial frequency and the angle brackets represent the expectation value over the glandularity range. Equation (4) assumes piecewise linearity of I(g).
Anatomical backgrounds are commonly described by a power-law:
where α and β are empirically determined. The magnitude (α) of S Ag (f r ) is affected by x-ray imaging and image combination, but the frequency dependence (β) is intact. 16 The MTF of the imaging system, however, filters the image and therefore affects β, which is accounted for in Eq. (4) . β describes the correlation of the noise and was set to 3, consistent with previous studies. 18 The magnitude of the anatomical background (α) was chosen in accordance with a parallel study.
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The MTF was measured and fitted to an analytical function, 11 and assumed equal in both energy bins. This simplifications was regarded justified, although double counting degrade the resolution somewhat in the high-energy bin, because the difference in MTF between the bins was small.
Signal and noise transfer in tomosynthesis
A necessary condition for linear-systems theory to be applicable to tomosynthesis is that the reconstruction algorithm is linear, which is true for filtered back projection (FBP). FBP is directly based on the Fourier slice theorem, which states that the Fourier transform of a projection of an object is equal to the parallel slice through the origin of the Fourier transform of the object. Because of its simplicity and linearity, we have used FBP to model the tomosynthesis system, although, in reality, the tomosynthesis system uses a non-linear (iterative) reconstruction algorithm. The Fourier slice theorem is, however, still valid, and the approximative agreement was regarded sufficient to predict trends. In addition, it is shown below that close agreement can be accomplished by tuning a few linear filter parameters of the FBP algorithm (A and B in Eqs. (6) and (7)).
The MTF and quantum NPS from the spectral imaging part of the model described in the previous section were propagated through four different stages associated with filtered back projection:
1. A logarithmic transform, which in a linear approximation equals normalization with the average pixel intensity. 6 2. Reconstruction filters associated with FBP reconstruction are applied. These filters include ramp, interpolation and apodization filters, which change the signal and noise in a deterministic way. The ramp filter is only applied in the scan direction (henceforth denoted the y -direction) and is given by
As noted above, A can be used to tune the linear FBP model to be comparable to iteratively reconstructed measurements on the system. All model predictions, except for comparison to measurements, were, however, done in the FBP regime with A = 1.
Interpolation is necessary in the reconstruction because the projection signal needs to be known at any location on the detector, and not only the pixel centers. 20 Bilinear interpolation is equivalent to convolving a unit area triangle function in the spatial domain, which corresponds to multiplication with a squared sinc-function in the frequency domain. The interpolation filter is applied in both directions (x and y ),
where a denotes the pixel side. B is the second tuning parameter that was used for comparison to measurements. Again, B = 1 in the FBP regime.
To reduce aliasing and high-frequency noise, which is amplified by the ramp filter, an apodization filter is applied in the y -direction. A Hann window was used for this purpose:
where b is a window parameter, set to π/f Ny in this study, with f Ny being the Nyquist frequency. The MTF and NPS, denoted by T and S respectively, at the end of stage 2 are given by
where T 2D and S 2D are the outputs from the 2D spectral detector model and k is the average pixel intensity.
3. In the back projection stage, T proj and S proj are projected into 3D-space according to the Fourier slice theorem, which can be represented with a Dirac delta-function:
where N is the number of projections, θ is the angular range, and θ i is the projection angle. The factor N/θf y is a normalization factor needed when converting from polar coordinates to Cartesian coordinates.
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With a limited angular range as in tomosynthesis, only a wedge-shaped region is filled in Fourier space, as opposed to CT where the entire Fourier space is sampled.
4. 3D sampling is the last stage, which introduces aliasing.
Finally, to obtain the NPS and MTF in a tomosynthesis slice, an integration over f z within the Nyquist region was carried out. As noted in Ref. 6 , this is equivalent to an integration over all f z without aliasing in the zdirection. The magnitudes of S Q and S A were taken to be proportional and inversely proportional, respectively, to θ, at constant signal. The slice thickness was taken to be inversely proportional to θ and was tuned to 1 mm for θ = 40 • .
Ideal-observer detectability
We used a task-dependent ideal-observer detectability index as a figure of merit. In the 2D case, i.e. conventional projection imaging, it is defined as
where Δs is the target-to-background signal difference and F is the task function, essentially the Fourier transform of the object function. In this study, detection of tumor modeled by Gaussian function with standard deviation 1 cm is considered.
In tomosynthesis, the detectability calculated in a slice was used for comparison. It is given by
Measurements
The measurements in this study were performed on a 2D spectral imaging system, similar to the one used in Ref. 11 , and on a non-energy-resolved tomosynthesis system, similar to the one used in Ref. 13 . In both cases, the 50×50 μm 2 detector pixels were binned into 100×100 μm 2 pixels. These measurements were used to validate the spectral imaging and tomosynthesis parts of the model. In addition, clinical images have been acquired with a spectral tomosynthesis system.
2D spectral imaging: Tissue phantom
Since x-ray absorption to a good approximation can be described as a linear combination of only two functions, photo absorption and Compton scattering, which have separable energy and material dependencies, the absorption and energy dependence of any material can be simulated with a proper combination of any two materials. 21 Intuitively, this is the inverse of contrast cancellation in energy subtraction. In view of this, we constructed a tissue phantom with layers of aluminium and polyethylene in different compositions to accurately simulate a 4.5 cm breast with a glandularity range from 0 to 1 and embedded tumors. As a simple figure of merit, the following signal-difference-to-noise-ratio was introduced
whereĪ n (g) andĪ t (g) denote the mean signal from normal tissue with a glandular fraction g, and from tissue with an embedded tumor, respectively. σ A represents the anatomical noise and is defined as the standard deviation ofĪ n (g) over a range of g. Eq. (15) ignores the quantum noise and can hence be regarded the limiting case for anatomical noise dominance. 
3D absorption imaging: NPS and MTF
The NPS and MTF of the tomosynthesis system were measured similarly to a previous study.
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The NPS was measured in flat-field images of a 4 cm PMMA slab. 256 128×128 pixel large regions of interest were generated from a set of four images. The NPS was then calculated as the mean of the squared fast Fourier transform of the difference in image signal from the mean in each region.
The point spread function (PSF) in the y-z-plane was measured with a 50 μm thin tungsten wire slanted in the plane at 12.4
• to the y-axis. The 2D PSF, which is pre-sampled in z but not in y, was calculated from a single slice in the reconstructed volume with the wire angle as input. 5, 22 The PSF in the x-direction is virtually independent of the y-z-resolution and was measured with the same wire, but slanted in the x-y-plane for oversampling. The measurement was somewhat complicated by the strong edge enhancement in the y-direction; the wire is erroneously enhanced by its y-component. We overcame this problem by using a very slight angle and over sample at well separated points on the wire. MTFs were calculated as the magnitude of the Fourier transforms of the 1D and 2D PSFs.
3D spectral: Clinical images
Clinical trials have been conducted with a spectral tomosynthesis system during 2010 at Charité University Hospital, Berlin, Germany. Samples of the acquired images are shown in this study to illustrate the capabilities of the system. Figure 2 Left shows a montage from a non-energy-resolved absorption image of the tissue phantom. Squares with an area corresponding to a 2-cm-diameter circle have been cut out from the phantom and stitched together to resemble structured noise in breast tissue with a glandular fraction ranging from 0.2 to 0.8. Three squares corresponding to 0.5, 1 and 2 cm tumors embedded in breast tissue with a glandular fraction of 0.5 have been scattered in the image. None of the tumor regions is possible to detect in the absorption image without false positives because of intensity overlap. Figure 2 Center shows an energy subtracted image of the phantom with the full range of gray levels. The low signal-to-quantum-noise ratio was compensated for by low-pass filtering. The three tumors clearly stand out, and this illustrates a case were spectral imaging could be helpful. Figure 2 Right is a thresholded version of the energy-subtracted image, and it is shown that the three tumors can be completely separated from the background. compared to the conventional absorption image at w = 1 (cf. Eq. (1)) is 97% for the 2 cm tumor. For slightly more negative w, the contrast between tumor and background is instead minimized, and the SDNR drops to a minimum. This curve highlights one of the challenges with spectral imaging; with only a very small change in w, the SDNR can go from a minimum to a maximum. Furthermore, quantum noise, which is not taken into account here, introduces yet a factor to the problem of calculating the optimal weight. Figure 3 Right plots measured image signal in the phantom compared to model predictions. All intensities have been mapped to PMMA thickness for better readability, which is approximately equivalent to taking the logarithm. The trend (i.e. the energy dependence) was well predicted by the model for normal breast tissue and cancerous tissue, but with an overall slight reduction in intensity, corresponding to approximately half a millimeter of PMMA. The latter is likely caused by uncertainties in attenuation coefficients and material compositions.
RESULTS AND DISCUSSION
Measurements
2D spectral imaging: Tissue phantom
3D absorption imaging: NPS and MTF
As described above, the parameters A and B were tuned to fit the theoretical NPS to the measured quantity. The NPS was used for the fitting because the measurement was regarded less prone to error than the MTF measurement. An additional normalization factor was introduced for both quantities to adjust the magnitude. Figure 4 Left shows the measured in-depth (y-z-plane) NPS. It displays streaks resulting from the angular separation between the projections. As mentioned above, by integrating the 3D NPS over the z-direction, the slice or in-plane (x-y-plane) NPS is acquired, which is shown in Fig. 4 Center. By setting A = 0.5 and B = 2.5, the model was successfully tuned to fit the NPS, as can be seen in Fig. 4 Right and Fig. 5 Left. Also the MTF exhibits reasonably good agreement (Fig. 5 Right) . A = 0.5 results in less suppression of low frequencies. Modifications of the ramp filter in order to preserve low-frequency information have been used previously.
23 B = 2.5 corresponds to interpolation with four to five neighboring points to approximate the value in a given point, which would reduce noise and spatial resolution. Figure 6 shows examples of tomosynthesis breast images acquired with the system. The left image is a nonenergy-resolved absorption image, and to the right a thresholded dual-energy subtracted image has been overlaid on the absorption image so that a tumor clearly stands out. Iodine was used for contrast enhancement. Figure 7 plots detectability index (d ) of a contrast-enhanced tumor versus angular extent (θ) for spectral and non-energy-resolved 2D imaging (θ = 0
3D spectral: Clinical images
System modeling
• ) and tomosynthesis. The total dose for the examination was kept constant and equal to 1 mGy. Contrast enhancement with 3 mg/cm 3 iodine and high anatomical background was assumed. The model predicted that spectral tomosynthesis may improve tumor detectability compared to non-energy-resolved tomosynthesis, which is in agreement with the clinical case presented in Fig. 6 . Since the model at this point includes some simplifications, for example regarding the dependence of S A and S Q on θ, the result presented in Fig. 7 should be considered qualitative.
CONCLUSIONS
Measurements on the tissue phantom exhibited good agreement with the spectral imaging part of the model, which supports the simulations. In addition, it was shown experimentally that unenhanced spectral imaging may increase detectability of tumors in the order of a factor two if anatomical noise dominates.
It was possible to tune the linear FBP-based model to agree well with measurements of both MTF and NPS. It is clear that the model cannot quantitatively predict results of the iterative reconstruction without tuning, but we expect trends predicted by the model to be fairly accurate and applicable to the system. The model comparison revealed that contrast-enhanced spectral imaging and tomosynthesis can be combined to improve tumor detectability. This is supported by clinical results. Since we believe that the tomosynthesis part of the model can be further refined, a complete comparison of all the different modalities is not presented at this stage but is subject to future work.
Potential benefits of spectral tomosynthesis may also include localization of contrast-enhanced tumors in the depth direction and better accuracy of tissue discrimination tasks. These remain to be evaluated in future studies.
